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INTRODUCTION 
The use of high-frequency electromagnetic radiation ("microwaves") in a variety of 
NDE scenarios has been receiving increased attention recently [1], largely as the result of 
advances in microwave instrumentation, computer technology and digital signal 
processing. Microwave images of both surface and interior features of non-conducting 
samples can be generated either by focusing the energy on the smallest possible spot and 
scanning either the target or the measurement probe (analogous to an ultrasonic C-scan), or 
by using coherent processing to form an image from multiple exposures of the entire target 
[2,3]. The latter approach, as implemented in an "Inverse-Synthetic-Aperture Radar" 
(ISAR) system has the significant advantage of being able to image complex, large and 
oddly shaped targets from a large stand-off distance (many meters). The results presented 
below give an indication of the great sensitivity of the ISAR technique in its ability to 
detect and locate very small flaws in a complex target. 
MEASUREMENT SYSTEM 
The choice of frequencies affects the downrange resolution and alias-free 
downrange according to equations (1) and (2). 
D R I · Velocity of Propagation ownrange eso utlOn = ----=-----"--"'----
2x Frequency Bandwidth 
Alias - Free Downrange = Number of Frequencies x Resolution. 
(1) 
(2) 
The downrange resolution is made smaller by making use of more bandwidth. Note also 
that the resolution inside dielectric materials is better due to the slower velocity of 
propagation of the electromagnetic wave compared to the free-space speed of light. As an 
example, using the 26.5-40 GHz bandwidth and a dielectric constant of f r = 4.5 (typical for 
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fiberglass) gives a resolution of 5.2 mm. The alias free downrange is given by the number 
of frequencies taken over the band times the resolution. Thus a higher resolution tends to 
drive up the number of frequencies required. The data to be shown later was collected for 
200 frequencies which gave an alias-free range of about 1 meter. 
The other primary data collection choice is the number of angles to collect. The 
crossrange resolution is made smaller by increasing the center frequency or by increasing 
the angular rotation range. The expressions for thl' crossrange resolution and alias-free 
range are given in equations (3) and (4). 
C R I · Center Frequency Wavelength rossrange eso utlon = ---::----'''----'~----=~____= 
4 x sin[ Angular Rotation Range 12] (3) 
Alias - Free Crossrange = Number of Angles x Resolution. (4) 
As an example, for much of the data to be shown later the angular range was 24 
degrees giving a cross range resolution of 5.1 mm using a 33.25 GHz center frequency and 
Er= 4.5. Note that the wavelength in a dielectric is smaller than in free space. This is 
comparable to the 5.2 mm downrange resolution. Since 200 angles were taken, the 
crossrange alias free range is also about a meter. The use of more angles would increase 
the alias-free crossrange at the expense of increased data collection time and file sizes 
similar to the downrange case. Usually, square images with square pixels are desired. The 
central angle can be chosen to optimize the incidence angle on the target and/or stand. In 
the data to be shown it was 45 degrees. Thus, the angular range was 33 to 57 degrees. 
The transmit signal is pulsed to a 22 nsec pulsewidth with a 7 MHz PRF (or 143 
nsec PRI). The received signal is gated to a 20 nSl;~ gate width which was positioned to 
pass returns from the ranges where the targets existed (about a 3 meter swath). Any clutter 
returns outside of the 3 meter target-centered downrange is rejected by the receive gate in 
the pulser. The receive gate delay is centered on the target by varying it and observing the 
effect on the measure downrange response. Otherwise, these returns would be aliased into 
the 1 meter alias-free downrange. One significant clutter source is the far chamber wall 
which is about 5 feet from the target. Another significant source is the transmit signal that 
leaks through the TIR circulator. This strong return occurs very close to the tum-on edge 
of the transmit pulse and is easily removed by the RF receive gating. Without the pulsing a 
very large alias-free range would be needed to remove this close-in reflection and, in 
addition, the strong signal would tend to saturate the receiver. One drawback to pulsing is 
the loss in signal-to-noise ratio (SNR) due to the duty-cycle loss. This loss can be no more 
than 20 log 10 (duty cycle) and is typically smaller than this amount. 
FLAT PLATE NDE MEASUREMENTS 
Microwave images are not like the optical ones your eye observes. They are 
dominated by strong reflections from edges, comers and flat faces which are hit broadside 
from the radar direction (specular reflections). Smooth surfaces that are curved or tilted 
with respect to the radar are often transparent and show nothing on the image. A common 
case of interest is a flat rectangular fiberglass plate. 
An example of such an image is shown in Figure 1. The white lines are an overlay 
of the plate which is defined by the user and placed on the image by the software. The 
plate was 3.75" x 16" x OS' thick fiberglass epoxy. The thick edge was sanded to make it 
smooth. The plate was oriented with a 45 degree central angle tilt with respect to tht: radar 
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and was sitting on its edge supported by foam from behind on top of a foam column mount. 
The radar can be considered to be at the bottom of the printed image. The plate is rotated 
plus or minus 12 degrees around its nominal orientation during the data collection. The 
polarization was vertical. We see strong -30 dBsm reflections from the vertical edges. 
Note that any features in the vertical extent will be collapsed onto the overlay by the 
imaging process. Another image with the sample rotated 90 degrees could be used to 
further locate the defects in the xy plane. 
It was desired to simulate an internal air void in the fiberglass plate. The approach 
was to drill holes into the thick edge from the top to a prescribed depth such that the front 
and back surfaces were undisturbed. The left hole was 150 mils diameter and the right 
hole was 85 mils diameter. It was desired to verify if we saw the defect, that we knew it 
was not from the top edge surface disturbance. Therefore, we took an image with holes 
that were very shallow (0.1" deep) where the edge would be disturbed, but there would not 
be a big enough void to cause a response in the image. The two holes were drilled 5" from 
the left and right edges (separated by 6"). There was no response, so we can assume that 
the top edge surface effect is small. 
The holes were then drilled 0.5" deep. The image shown in Figure 1 clearly shows 
an effective detection of the flaws, and location of them. The Radar Cross Section (RCS) 
of the flaws are about -45 dBsm. The void diameter size difference is indicated by the 
larger response of the left void in the image. As a comparison, we can calculate the RCS 
of a metal cylinder that has the same dimensions as the drilled holes. The formula for 
broadside maximum return is given by 21trh2/A., where r is the radius and h is the height. 
This results in a RCS of -36.8 dBsm for the larger diameter cylinder and -39.2 dBsm for 
the smaller diameter cylinder, for the frequency 33.25 GHz. Thus, the observed RCS of 
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Figure 1. Flat fiberglass plate with two small voids. 
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-45 dBsm is a few dB less than a metal defect, and this is quite reasonable. The air voids 
will have a relative dielectric constant of I compared to the relative dielectric constant of 
the fiberglass which will be about 4.5. Thus, the dielectric difference is easily detected in 
the sample. 
Examination of the images produced with simple flat plate targets reveals the 
ability of the ISAR imaging techniques to detect very small scatterers and to locate them 
with precision commensurate with the resolution obtained. Of equal importance is the 
accurate calibration of the reflection measurement in absolute terms which is a pre-
requisite of quantitative evaluation of scatterers. In practical applications, this will permit 
the calibration of the NDE system so that accept/reject criteria can be established based on 
quantitative measurements, rather than operator judgment. 
Images of flat plates are a good starting point because the expected characteristic 
response (response without defects) images are well understood. Mounting of such test 
samples is relatively easy because they have a simple shape and are lightweight. Flaws in 
such test samples are easily located since the only characteristic response occurs at the 
edges, and by rotating the sample 90 degrees we will only have problems detecting flaws 
near the comers. However, practical targets are often characterized by 1 or 2 dimensional 
curving surfaces, mounting edges with holes, etc. that will provide a significantly more 
complicated characteristic response. 
RADOME NDE MEASUREMENTS 
The ISAR technique is best able to make images of collections of small point 
targets since the processing is based on an assumption of point targets. In addition, the 
image processing is based on the assumption of broadband, isotropic, non-interacting point 
scatterers. When all of the assumptions are not strictly satisfied, which is normally the case 
in practically useful applications, careful interpretation of the results can reveal a great deal 
about the target. Radomes never behave like point targets although if the radome is very 
transparent the defects may appear as points. Since a wide bandwidth is used for imaging, 
and often radomes are narrowband, the radomes normally cannot be considered 
transparent. Simple shapes such as spheres, cylinders and flat plates give radar images that 
are well understood, but unfortunately the images do not visually resemble the geometrical 
shapes of the objects. 
It was decided that tackling a real-life practical radome would offer more 
information than focusing on flat panels or other simple shapes. As we will see, the chosen 
radome was not a simple shape, was not transparent, and did not produce images that 
"looked like" the radome. However we will also see that it was still possible to get images 
with useful information about defects as long as the user was careful to properly interpret 
the results. These interpretations will be given with the images. 
The radome that was measured was a submarine periscope mounted radome, 
manufactured by Radant, Inc. The Radant radome covers a small gimbaled dish antenna 
for submarine to satellite communications. The uplink frequency is 44 GHz and the 
downlink 20 GHz. The radome consists of a hemispherical cap on a cylinder, and is a 
single 0.3 inch thick (2A.) layer fiberglass epoxy construction. The bottom end is open and 
there are 8 screw holes near the very edge equally spaced along the bottom perimeter. Two 
radomes were provided. Since neither radome had known flaws, the flaws were simulated 
with metal and dielectric tape placed on the inside and outside surfaces. 
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The radome was measured lying on its side with the "top" nominally 45 degrees 
from pointing towards the radar. This orientation could locate a flaw but not determine if it 
was on the top (side closest to the sky) or bottom (side closest to the ground) half of the 
radome. Further measurements would be required to resolve the ambiguity. Very large 
reflections would be expected from the specular surface on the radome cap normal to the 
radar direction. Another strong reflection would be expected at the back edges. These 
strong reflections would tend to mask nearby flaws. The front surface reflection can be 
moved by turning the nominal azimuth. Flaws near the back edge will be more difficult to 
see, but for this particular radome, this was not the area of most interest. The area of most 
interest was where the cap mated to the cylinder which was the most likely point of flaws 
and mechanical failures and is also where the radiation line of sight to and from the 
antenna is located. 
Figure 2 is the image of a radome with a 0.01 inch thick kapton tab (flaw) attached 
to one side. The white outline of the radome helps identify the strong specular reflection 
from the "nose" of the radome where the surface is perpendicular to the ray from the radar 
(located towards the bottom of the page). Also clearly seen are reflections from the 
hardware which mounted the radome to the support tube. The reflection from the "flaw", 
located at -9 inches in cross-range and -13 inches in down-range is visible, but difficult to 
interpret. At about -55 dBsm this is an extremely small flaw! 
To ease the detection of anomalies, the technique of "Relative Imaging" can be 
used. In this technique images are made of the target under test as well as a "golden 
standard" target, known to be good. The two images are then differenced, leaving only the 
response of the flaws of interest. Figure 3 is the relative image corresponding to Figure 2. 
It is clear that relative imaging greatly enhances the ability to detect, locate and size 
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Figure 2. "Absolute" image of radome with dielectric flaw. 
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Figure 3. "Relative" image of radome with dielectric flaw 
extremely small flaws, even on a relatively complex target such as a radome. This flaw 
detection would be very difficult, if not impossible if attempted with other NDE techniques 
because of the nature of the flaw and the shape of the radome. 
CONCLUSIONS 
The goal of this effort was to determine how microwave imaging could be applied 
to look for small defects in complex targets. An approach was developed that considered 
both conventional "Absolute" measurement and also a novel "Relative" measurement 
technique. The Relative technique subtracts images of known good samples from images 
of samples suspected of having defects. The Relative technique was found to provide 
"cleaner" images, less confused by characteristic specular responses and thus more 
understandable to the user. 
A feel for the types of flaws that can be seen was determined. Any flaw causing a 
substantial change in dielectric constant will be visible. Air and water filled flaws were 
examined with flat plates and seen to be easily detected. Metal tape was also easily seen. 
In addition, flaws that contain certain discontinuities with relatively high radar cross 
sections (such as edges) or resonant features, will be detectable even if the dielectric 
constant of the flaw is similar to the radome material. The dielectric tape and radome had a 
relative permittivity difference of I and this tape was easily detected. 
A feel for the size of flaws that can be seen was determined. The system that was 
used had visibility down to about -60 dBsm for Absolute measurements and about 5 dB 
better in the Relative case. Almost all of the flaws simulated had radar cross sections of 
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-55 to -65 dBsm, although the flat plate flaws were larger. Since the system is primarily 
clutter limited and not SNR limited, performance could be improved by doing the 
following: 
1. Taking more frequencies and angles (which folds out clutter) 
2. Improving the mounting mechanical rigidity (to avoid vibration) 
3. Lowering the RCS of the mount, or shifting in range or cross range (to avoid stand 
return near the target) 
Information on the ability to locate flaws was obtained. In all cases flaws appeared 
where they were located. No interaction between isolated flaws was observed. Although 
not explored, flaws could clearly be located precisely by using multiple images with 
different mounting. For example, the image with the radome nominally mounted at -45 
degrees, rather than +45 degrees as shown above, will move the front specular to the other 
side of the rounded top. 
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